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Super-Penrose process for extremal rotating neutral white holes
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We consider collision of two particles 1 and 2 near the horizon of the extremal
rotating axially symmetric neutral generic black hole producing particles 3 and 4.
We discuss the scenario in which both particles 3 and 4 fall into a black hole and
move in a white hole region. If particle 1 is fine-tuned, the energy Ec.m. in the centre
of mass grows unbounded (the Ban˜ados-Silk-West effect). Then, particle 3 can, in
principle, reach a flat infinity in another universe. If not only Ec.m. but also the
corresponding Killing energy E is unbounded, this gives a so-called super-Penrose
process (SPP). We show that the SPP is indeed possible. Thus white holes turn
out to be potential sources of high energy fluxes that transfers from one universe
to another. This generalizes recent observaitons made by Patil and Harada for the
Kerr metric. We analyze two different regimes of the process on different scales.
PACS numbers: 04.70.Bw, 97.60.Lf
I. INTRODUCTION
During last decade a lot of work has been made for investigation of properties of high
energy processes near black holes. This was stimulated by the paper [1], where it was found
that collision of two particles near rapidly rotating black holes can lead to unbounded en-
ergies Ec.m. in the centre of mass frame. This was called the Ban˜ados-Silk-West (BSW)
effect, after the authors’ names. After its publication, it turned out, that there are also
∗Electronic address: zaslav@ukr.net
2earlier works [2], [3] in which near-horizon particle collisions in the Kerr metric were inves-
tigated. Meanwhile, a typical process considered there, includes head-on collision between
two arbitrary particles, where particle 1 arrives from infinity while particle 2 comes from
the horizon (see eq. 2.57 of [3]). But as far as particle 2 is concerned, this is nothing else
than a typical behavior of a particle near a white hole. If such a region is allowed in the
complete space-time, the effect of unbounded Ec.m. for head-on collisions exists even in the
Schwarzschild metric [4], [5]. Thus white holes can be an alternative to black ones as a
source of high energy collisions.
More important question is whether it is possible to gain not only unbounded Ec.m. but
also unbounded conserved Killing energies E since it is the latter quantity which can be
measured in the Earth laboratory, at least in principle. The collisions in the Schwarzschild
background are useless for this purpose since energy cannot be extracted at all. For such
an extraction, the existence of negative energies and ergoregion are required that makes
it possible the Penrose process [6] or its collisional analogue [7]. If the energy gain is
unbounded, this is called the super-Penrose process (SPP). For black holes, the energy gain
is finite, so the SPP is impossible for them (see [8] and references therein).
In this context, there is a scenario with participation of white holes, different from those
in [2] - [5]. Now, both particles collide near the black hole horizon in ”our” part of Universe
but afterwards the products of reaction leave it. Passing though the horizon, they appear
inside a white whole region and, eventually, transfer energy to another universe. Or, vice
verse, collision in another universe can give rise to high energy in our one. If such a process
is possible, this would give astrophysical realization of high energy transfer with white holes
as a source that was suggested earlier [9], [10].
The concrete process of this kind in the Kerr background was considered recently in [11].
The authors showed that the conserved energy of produced particles can be as large as one
like. In other words, the SPP is possible. Our aim is to extend consideration to generic
rotating axially symmetric stationary white holes. In doing so, we exploit the approach
that, in our view, is simpler and was already used for examination of the energy extraction
from generic black holes of the aforementioned type including the Kerr metric [12], [13]. In
particular, we do not use transformation between the three frames (center of mass, locally
non-rotating and stationary ones) and work in the original frame.
Although there are reasons to believe that white holes are unstable (see Sec. 15 of [14]),
3motivation for consideration of such objects stems from different roots. (i) High energy
process, if they are confirmed, can themselves contribute to the instability of white holes,
so they are important for elucidation of the fate of such objects. (ii) The complete theory
of the BSW effect should take into consideration all possible configurations and scenarios,
at least for better understanding the phenomenon.
We use the system of units in which the fundamental constants G = c = 1.
II. BASIC EQUATIONS
Let us consider the metric
ds2 = −N2dt2 + dr
2
A
+ gφ(dφ− ωdt)2 + gθdθ2, (1)
where gφ ≡ gφφ, gθ ≡ gφφ, all coefficients do not depend on t and φ. For a given energy E,
angular momentum L and mass m the equation of motion in the equatorial plane read
mt˙ =
X
N2
, (2)
X = E − ωL, (3)
mφ˙ =
L
gφ
(4)
mr˙ = σP , σ = ±1, (5)
P =
√
X2 − m˜2N2, (6)
m˜2 = m2 +
L2
gφ
, (7)
dot denotes differentiation with respect to the proper time τ . To simplify formulas, we
assume that in the equatorial plane A = N2. Otherwise, we can always achieve this equality
by redefining the radial coordinate. The forward-in-time condition requires
X ≥ 0. (8)
In what follows, we will use the standard classification of particles. If XH = 0, a particle
is called critical. If XH = O(1), it is called usual. If XH = O(Nc), it is called near-critical.
Here, subscripts ”H” and ”c” refer to the quantities calculated on the horizon and the point
of collision, respectively.
4For the near-critical particle, we use presentation
L =
E
ωH
(1 + δ) (9)
exploited in [13]. Here,
δ = C1Nc (10)
is a small quantity for collisions near the horizon, C1 = O(1) is a constant.
Near the horizon, we assume the Taylor expansion that for the extremal case reads [15]
ω = ωH − B1N +O(N2). (11)
Then, we have the following approximate expressions there.
The critical particle:
X =
b
h
EN +O(N2), (12)
P = N
√
E2
(
b2 − 1
h2
)
− 1
h2
−m2. (13)
A usual particle:
X = XH +B1LN +O(N
2), (14)
XH = E − ωHL, (15)
P = X +O(N2). (16)
The near-critical particle:
X = E(
b
h
− C1)N (17)
P = N
√
E2[(
b
h
− C1)2 − 1
h2
]−m2 +O(N2). (18)
We introduced notations b = B1
√
gH , h = ωH
√
gH .
III. SCENARIO OF COLLISION
In the point of collision we assume the validity of conservation laws for the energy and
angular momentum:
E0 ≡ E1 + E2 = E3 + E4, (19)
5L0 = L1 + L2 = L3 + L4. (20)
It follows from (19), (20) that
X0 ≡ X1 +X2 = X3 +X4. (21)
There is also the conservation law for the radial momentum:
σ1P1 + σ2P2 = σ3P3 + σ4P4. (22)
We assume that particles 1 and 2 fall from infinity, so σ1 = σ2 = −1. We are interested in
high energy processes in which Ec.m. is unbounded since this is the necessary condition for E
to be unbounded as well [16], [17]. To this end, we choose particle 1 to be the critical, particle
2 being usual since this gives rise to the unbounded Ec.m. [1], [18]. Then, one of particles
(say, 3) is near-critical and the other one (4) is usual [12], [13]. All possible scenarios can be
described by two parameters - the sign of C1 and the value of σ3 immediately after collision
(OUT for σ3 = +1 and IN for σ3 = −1). As a result, we have 4 scenarios OUT+, OUT−,
IN+, IN−. The first three were already analyzed in [13], where IN− was rejected since it
corresponds to both particles falling into a black hole. However, now it is this scenario which
we focus on. It corresponds to high energy propagation in the white hole region (see below).
Thus we have σ3 = σ4 = −1. We must analyze the process under discussion for Nc → 0 on
the basic of the conservation law (22). In doing so, we follow the lines of Ref. [13] applying
the corresponding approach to the case that was not considered there.
IV. LOWER BOUNDS ON ENERGY
If we collect the terms of the zeroth and first order in Nc and take into account the
approximate expressions (12) - (18), we obtain
F = −
√
E23 [(
b
h
− C1)2 − 1
h2
]−m23, (23)
where
F ≡ A+ E3(C1 − b
h
), (24)
A =
E1b−
√
E21(b
2 − 1)−m21h2
h
, (25)
6C1 =
b
h
− A
2 +m23 +
E2
3
h2
2E3A
, (26)
F =
A2 −m23 − E
2
3
h2
2A
. (27)
We are interested in scenario IN−. Then, C1 < 0 gives us
E23 − 2E3hA1b+ h2(A2 +m23) > 0, (28)
that can be rewritten as
(E3 − λ+) (E3 − λ+) > 0, (29)
λ± = h[A1b±
√
A2(b2 − 1)−m23]. (30)
The condition F < 0 gives us
E23 > h
2(A2 −m23) ≡ λ20. (31)
If λ± are real, both bounds E3 > λ+ and E3 > λ0 are quite compatible with each other.
If λ± are complex, (28) and (31) are mutually consistent as well. Thus there is no upper
bound on E3 and the SPP is possible.
As far as particle 4 is concerned, it has E4 < 0. To obey the forward-in-time condition
(8), it must have L4 = − |L4| < 0. Then, X4 = |L4|ω − |E4|. Assuming that there is a flat
infinity, where ω → 0, we see that particle 4 either falls into singularity or oscillates between
turning points r1 and r2. In doing so, it can intersect the horizons, thus appearing in new
”universes” due to a potentially rich space-time structure inside similarly to what takes
place for the Kerr metric [19]. However, under a rather weak and reasonable restrictions on
the properties of the metric, it cannot have more than 1 turning point in the outer region,
so the situation when r+ < r1 ≤ r ≤ r2 is impossible. This was shown for the Kerr metric
in [20] and generalized in [21]. For more information about trajectories of particles 3 and 4,
the metric should be specified.
The above treatment changes only slightly if we consider the Schnittman process [22]
when the critical particle 1 does not come from infinity but moves from the horizon. Then,
instead of (25), we should take A =
E1b+
√
E2
1
(b2−1)−m2
1
h2
h
.
7V. SUPERENERGETIC PARTICLES
In the above treatment, we tacitly assumed that all energies and angular momenta are
finite and do not grow unbounded when Nc → 0. The only place where Nc appear in the
relation between them are equalities (9), (10), where it gives only small corrections. The
above approximate expressions for particle characteristics (12) - (18) take into account this
circumstances. In particular, for a usual particle, X = O(1), the second term in the radical
in (6) has the order N2c . For a near-critical one, both terms in P have the order O(Nc).
Meanwhile, it turns out that there exists self-consistent scenario, in which
L3 =
l3√
Nc
, (32)
where l3 is some coefficient not containing Nc. For small Nc, L4 = L0 − L3 ≈ − l3√Nc .
It was found in [23], where it was pointed out that it corresponds to falling both particles
in a black hole, so it was put aside since we were interested in particles returning to infinity.
But now, it is this case that came into play. Therefore, we take advantage of formulas
already derived in [23] but exploit them in a new context - see eqs. (35), (36) below. If (32)
is satisfied, the previous consideration fails and the conservation law (22) is to be analyzed
anew. Now, for particles 3 and 4 the second term in (6) gives a small correction (whereas
for finite L3 both terms for particle 3 would have the same order), so
P3,4 ≈
√
X23,4 −Nc
l23,4
(gφ)H
≈ X3,4 − Nc
2X3,4
l23
(gφ)H
. (33)
Then, taking into account (12) - (16) for particles 1 and 2, (19) - (21) and discarding
the terms O(N2c ) and higher, one can show after algebraic manipulations that the following
equation holds:
l23
2 (gφ)H
(
1
X3
+
1
X4
) = A. (34)
Using again (21), one can obtain
(X3,4)c ≈
(X0)c
2
(1∓
√
1− b), (35)
where
b ≡ 2l
2
3
(gφ)H X0A
. (36)
It is implied that b < 1.
8It follows from definition (3) that now
E3 = (X3)H + ωHL3 ≈ (X3)c + ωH
l3√
Nc
. (37)
Thus we have two usual particles which come down into a black hole. This is contrasted
with the standard case when particle 3 is near-critical and returns to infinity.
We see that there are two energy scales for the SPP. On the first scale, E3 can be as large
as we like but with reservation that E3 ≪ const√Nc . On the second scale, E3 ∼
1√
Nc
.
In doing so, E4 = E0 − E3 is negative having the same order N−1/2c . Discussion about
the properties of the trajectories of such particles from Section IV applies now as well.
VI. CONCLUSIONS
Thus we showed that particle collision on our side of Universe (near the black hole horizon)
can lead to high energy fluxes on the other side. If, vice verse, collision occurs in ”another
world”, we can detect its consequences in our one. We did not resort to the transformation
between the original stationary frame and the center of mass one. We would like to stress
that high energy behavior is found for the energies E3 that can be in principle detected in a
laboratory. These results qualitatively agree with claims made in [11] for the Kerr metric.
It is instructive to compare the situation for static charged and neutral rotating
black/white holes collecting the results of the present and previous works [24], [25].
SPP q3 L3
charged black holes yes large arbitrary
charged white holes yes large O(N
−1/2
c )
neutral rotating black holes no 0 arbitrary
neutral rotating white holes yes 0 unbounded
Table 1. Conditions of the existence of the super-Penrose process.
We see that for the Reissner-Nordstro¨m metric, if we compare collisions near black and
white holes, the situation is partially complementary to each other. For finite Li (for ex-
ample, with all Li = 0), there is the SPP in the black hole case. However, it fails to exist
near white holes. As shown in [25], only if particles with angular momenta L3,4 = O(N
−1/2
c )
come into play, we obtain the SPP. Meanwhile, for the rotating case, the SPP does not exist
for black holes at all. Instead, the white hole scenario opens new possibilities for the SPP,
9in which E and L of particles at infinity are unbounded. This happens on two scales: on
the first one E and L do not contain the parameter N−1c , on the second scale they have the
order O(N
−1/2
c ) similarly to the static charged case. The concrete properties of collisions are
described by somewhat different formulas and the type of energetic particles are different:
in the first case particle 3 is near-critical, in the second one it is usual. However, in both
cases the conserved energy E3 is unbounded.
The phenomenon under discussion is two-faced. On one hand, it shows that high energy
processes are indeed possible due to white holes and poses anew the question about their
potential role in nature. From the other hand, it poses also a question about backreaction
of such collisions on the metric itself, including the fate of white holes.
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